The principal mode of the seasonal variation of the Asian summer monsoon (ASM) and the temporal and spatial evolution of the corresponding synoptic fields are investigated via cyclostationary EOF analysis. This study uses the 21-year (1979-99) XieArkin precipitation pentad data and National Center for Environmental Prediction daily reanalysis data focusing on the period May 21 to August 28, which covers the prominent life cycle of the ASM. The first mode, representing the seasonal cycle, explains about 20~40% of the total variability in the parameters considered in the study.
Introduction
The monsoon is a global circulation system (Krishnamurti 1985; Lau et al 1988) caused by the sea-land contrast of sea level pressure. Monsoons dominate the threedimensional large-scale circulation over many regions (Subbaramayya and Ramanadham 1981; Hidore and Oliver 1993) . The Asian summer monsoon (hereafter denoted ASM) is the most important one and defines the rainy season of the enormous area ranging from India to the northeast Asia. It can be classified into regional monsoons based on their occurrence locations: Indian monsoon, Southeast Asian monsoon, South China Sea monsoon, Meiyu in central China, Baiu in Japan and Changma in Korea (Lau et al. 1988; Kang et al. 1999) . A typical monsoon circulation in the Indian sector is subsequently followed by complex circulation changes in the surrounding Asian countries. Many countries located in South Asia, the Bay of Bengal, the Indochina peninsula, and East Asia are influenced by the ASM (Lau and Yang 1996) .
The ASM is closely related to well-known large-scale circulation structures (Matsumoto 1992; Nagazawa 1992; Murakami and Matsumoto 1994; Lau and Li 1984; Tanaka 1992; Ueda et al. 1995; Lau and Yang 1996; Li and Yanai 1996) . In the lower level, the circulation over the ASM region is controlled by the cross equatorial flow, the low-level jet including the Somali jet, the cyclone vortex over India and the anticyclone over the western Pacific. In the upper troposphere, the Tibetan anticyclone, the easterly jet over south Asia and the westerly jet north of the Tibetan anticyclone are the primary characteristics (Krishnamurti 1971; Lau and Li 1984; Krishnamurti 1985) . According to Krishnamurti (1985) , seasonal variation of monsoon rainfall is consistent with these planetary-scale circulations and the migration of convective zones.
In addition to understanding the fundamental circulation characteristics of the ASM, it is important to describe the evolution of the monsoon from its onset to depression. The onset of South China Sea Monsoon during mid-May is considered as the beginning of the ASM (Tao and Chen 1987; Chang and Chen 1995; Hsu et al. 1999) . The Indian monsoon starts with the migration of the heating region from northern Burma in May to the foothills of the Himalayas (eastern Tibet) in June. This transition between the two monsoons can be seen in locations of the heat-induced climatological upper anticyclone, which makes a northward motion from northern Malaysia in May toward the Tibetan Plateau (Krishnamurti 1985) . Then, the corresponding low-level circulation in South Asia and the diabatic heating over the eastern Tibetan Plateau are developing. Yanai et al. (1992) and Hsu (1999) showed that this diabatic heating is responsible for tropospheric warming over the eastern Tibetan Plateau. In particular, the seasonal variation of diabatic heating of that region influences the evolution of the ASM (Yanai et al. 1992 ). Hoskins and Rodwell (1995) investigated the effects of diabatic heating and mountains in the ASM circulation using a time-dependent primitive equation model.
After the early stage of ASM, its evolution can be described by the South Asian monsoon and the East Asian monsoon. The former includes the Indian monsoon and Southeast Asian monsoon, whereas the latter includes the South China Sea monsoon, Mei-yu (China), Baiu (Japan) and Changma (Korea). Although the linkage of the monsoon regions over India and over East Asia is clearly seen in the zonally elongated outgoing longwave radiation pattern (Lau and Chan 1986, Lau et al 1988) , there is also difference in detailed evolving features between the Indian monsoon and the East Asian monsoon. While the Indian monsoon is heralded by southwesterly low-level moist flow such as the Somali Jet from the Arabian Sea, the East ASM is influenced by the subtropical western Pacific high (hereafter denoted SWPH). The movement of the major rain band associated with the East Asian monsoon is related to the variation in the SWPH (Lau et al 1988; Huang and Sun 1992; Murakami and Matsumoto 1994; Kang et al. 1999 ). The Indian monsoon also appears to be related to the tropical Pacific and the tropospheric biennial oscillation (Meehl 1987; Meehl 1997) .
The current study uses independent computational modes to document the seasonal evolution of the ASM from its onset until the depression. These computational modes will be extracted from key physical variables such that they are physically consistent, thereby facilitating an understanding of the physical interactions among the different variables involved in the ASM evolution. To this end, cyclostationary EOF (CSEOF) analysis technique is employed (Kim and North 1997) . This technique is useful in extracting physically evolving spatial patterns (Kim and Chung 2000) . This study primarily focuses on the seasonal cycle of the ASM, the most conspicuous component of the ASM seasonal evolution. It is hoped that results of the analysis clarify key features of the large-scale ASM evolution and the relations among the regional monsoons.
The data employed in this study are described in Section 2, followed by a brief description of cyclostationary EOF technique in Section 3. Section 4 describes the seasonal cycle of the ASM in the precipitation and the sea level pressure fields. The seasonal cycle of the low-level circulation structures and the moisture transport is discussed in Section 5, followed by the upper-level circulation structures in Section 6.
Concluding remarks and the summary are presented in Section 7.
Data
Data used in this study are Xie-Arkin precipitation pentad data (Xie and Arkin 1996) and daily sea level pressure, low-level (850 hPa) wind, upper-level (200 hPa) wind, and specific humidity archived at the National Center for Environmental Prediction (Kalnay et al. 1996) . The Xie-Arkin precipitation and NCEP dataset in the present study extend from 1979 to 1999. Only the data for the period of late May to late August were employed, thereby covering the prominent ASM evolution cycle. A 5-day mean dataset was constructed by performing non-overlapping 5-day average of the daily data. The data is on a 2.5°×2.5° longitude-latitude grid.
Method of Analysis
The CSEOF analysis used here is described in detail by Kim and North (1997) . In CSEOF analysis, a space-time datum is represented as: Wu (1999) .
An important point when performing a CSEOF analysis is to determine the nested period, i.e., the inherent period of covariance statistics. We assumed that physical It shows that all PCs undulate around 1, indicating not only the repetition of seasonal cycle every year but the interannual variation of the strength of the seasonal cycle.
To find consistent patterns of other variables with the first PC of precipitation, the first 10 PCs of other variables are regressed onto the first PC of precipitation. For this regression, the precipitation is regarded as the predictand whereas other variables as the predictors. The regression coefficients and R 2 (correlation squared) for each variable are shown in Table 1 . The structures shown in Fig. 3 and Fig Results of CSEOF analyses indicate that the first mode of each variable represents the seasonal cycle, which is the dominant mode of variability. This mode explains between 18% and 39% of total variability in different parameters. As mentioned earlier, the remaining discussion mainly focuses on the seasonal cycle of the ASM.
Evolution of Precipitation and Sea Level Pressure Anomaly Fields
Figures 2 and 3 show the first CSEOFs of the precipitation anomaly and the sea level pressure anomaly regressed onto the first mode of precipitation anomaly, respectively. The anomaly is defined with respect to the mean of the total record. The first mode, representing the seasonal cycle of the ASM, explains 18% and 27% of the total variance of precipitation and sea level pressure, respectively. The use of the 100-day nested period with the 5-day interval produces the twenty spatial patterns for each mode, which depict the temporal evolution of the precipitation and the sea level pressure anomaly fields for the same period (May 21-August 28). In the following figures, however, spatial patterns are shown at every other time steps. The temporal evolution of the ASM as shown in the seasonal cycle is classified into three stages.
a. Early stage of monsoon
The ASM typically begins in mid-May (Tao and Chen 1987; Chang and Chen 1995; Hsu et al. 1999) . . The second feature, the low-pressure anomaly over the Asian continent, is due to continental warming (Figs. 3d-h) (Yanai et al. 1992; Li and Yanai 1996) . These features strongly determine the shape of the further evolution of the ASM, particularly the East Asian monsoon, as will be described below.
The particular manner in which sea level pressure anomaly evolves as briefly addressed above seems to be responsible for moisture availability in the far eastern Asian countries, resulting in the development of the East ASM. That is, the high-pressure anomaly over the subtropical western Pacific induces the zonally elongated precipitation patterns to the north and south of the pressure anomaly pattern . That the formation of the zonally elongated precipitation field over East Asia and its evolution are associated with the SWPH anomaly was previously suggested by Kang et al. (1999) The evolution of the monsoon system described above is accompanied by the gradual northward movement of the precipitation band in East Asia (Meiyu, Baiu, and Changma). The onset of Meiyu (in China), Baiu (in Japan), and Changma (in Korea)
depends on the arrival of this precipitation band in each region (Figs. 2c-e). The spatial patterns in Fig. 2 show that the precipitation band reaches Yangtz River, China in June;
this indicates the onset of Meiyu, the Chinese summer monsoon (Tanaka 1992; Lau and Yang 1986; Lau et al. 1988; Liang and Wang 1998) (Fig. 2c) . Much precipitation occurs during the onset period and the rainy period lasts until mid-July (12th pentad) as seen in Fig. 4c . The precipitation band arrives at Japan in mid-June (Fig. 2c ) and the southern part of the Korean peninsula in late June (Fig. 2d) starting Baiu (Nagazawa 1992; Murakami and Matsumoto 1994; Ueda et al. 1995) and Changma (Kang et al. 1999) ,
respectively (See the 6th-8th pentad in Fig. 4d ). This rain band over Korea and Japan is almost stagnant, causing a long period (about a month) of rainfall (Fig. 4d) . These spatial patterns of the precipitation band and the sea level pressure anomaly suggest that the SWPH anomaly plays a crucial role of pushing the rain band northward (Figs. 2d-f, Figs.
3d-f). Thus, the maintenance and the northwestward intrusion of the SWPH anomaly are important mechanisms for the summertime rainfall in East Asia. A similar result can be also found in Fig. 5 and Fig. 6 in Kang et al. (1999) .
c. Later stage of monsoon
The monsoon over East Asia undergoes its decaying phase after mid-July (Figs.
3g-j). It is seen that a low-pressure anomaly develops over the subtropical western Pacific whereas a high-pressure anomaly intensifies northeast of the low-pressure anomaly (Figs 3g-i). These two anomalies define a southwestward transport of moisture from the Pacific Ocean, which, on one hand, results in increased precipitation near the South China Sea and Indochina peninsula ( With the low-pressure anomaly over the Asian continent retreating northward as the Indian Ocean cools, moisture is transported further inland over the Indian continent from the Indian Ocean compared to the transport before July (Figs. 6g-h). As a result, the precipitation region migrates further inland (Figs. 2g-h ). At the same time, precipitation decreases to the west of India (Figs. 2g-h, Figs. 3g-h ) and over the Indian Ocean due to the northward progression of high-pressure anomaly. As the continent continues to cool, a weaker pressure gradient begins to form between the Indian continent and the Indian Ocean (Figs. 3i-j). This tends to limit the availability of moisture from the Indian Ocean to the Indian continent. As a result, rainfall over India weakens significantly as high pressure anomaly begins to dominate the Asian continent (Fig. 2j, Fig. 3j ). The seasonal variation of Indian rainfall shown here agrees well with the area-averaged rainfall time series over India in Fig. 9 of Vernekar and Ji (1999) .
The low-pressure anomaly over the subtropical western Pacific is associated with a positive subtropical rainfall anomaly over the western Pacific throughout the rest of the summer (Figs. 2g-j) . This low-pressure anomaly pattern becomes stronger until it moves away from the Asian continent in late August (Figs. 3g-j) . The invigoration of the subtropical Pacific low-pressure anomaly and the onset of the high-pressure anomaly over the Asian continent develop a well-defined pressure gradient along the southeast coast of China (Figs. 3i-j) . This mechanism, which induces strong northeasterly moisture transport continues to be an effective means for precipitation over the East China Sea and the South China Sea (Figs. 2i-j, Figs . 5i-j, Figs. 6i-j). As the subtropical Pacific lowpressure anomaly reaches East Asia, the sharp pressure gradient moves slightly north, resulting in the secondary period of summertime rainfall for the southern part of Japan and Korea (Fig. 2j, Fig. 3j ). The time series of the area-averaged precipitation anomaly over the Korean peninsula and Japan derived from the seasonal-cycle mode shows that the second wet period appears from late August especially over the southern part of the Korean peninsula and Japan (Fig. 4d) .
Characteristic Features at Lower Level a. Horizontal circulation at 850hPa level
The first CSEOF ( (Figs. 5b-d) . One should note also that the precipitation anomaly patterns in Fig.2 are remarkably similar to the vorticity patterns of the low-level jet anomaly. Thus, the low-level jet is an important agent of moisture transport and precipitation (Ju and Slingo 1995; Li and Yanai 1996; Lau et al. 2000) The early stage of the Indian monsoon (Figs. 5a-c) is characterized by the cyclonic circulation over the western Indian Ocean, which has been noted by Krishnamurti (1985) . A weak cyclonic vortex is also found west of the Indochina As discussed earlier, the location of the subtropical western Pacific pressure anomaly pattern is crucial for regional precipitation fluctuation. Specifically, the result shows that the northeastward migration of the convergence zone of the moisture transport essentially determines the location of the precipitation front; this, in turn, determines the onset of the East Asian local monsoons such as Meiyu, Baiu, and Changma. (2000), is due to heating over land and ocean. Further, Li and Yanai (1996) showed that the oceanic heat source migrating northward merges with the heat source over the land and the resulting heating maximum (Figs. 8a-e) .
Circulation Features at Upper Level
On the other hand, the upstream area of the trough is characterized by negative vorticity advection.
After mid-June, the cyclonic pattern over East Asia (Korea and Japan) elongates in the zonal direction with the center moving eastward (Figs. 7d-e) . At the same time, the westerly jet weakens significantly and is replaced eventually by an easterly jet anomaly near 20°N. This anomaly is related to the tropospheric warming over the continent (Krishnamurti 1985) and the seasonal cycle of the intensity of westerly jet, which weakens as summer matures. Then, the vertical structure associated with the first internal mode in the tropics, westerly at lower levels and easterly at upper levels, is established over South Asia and the Indian Ocean . This strong wind shear may enhance the instability of the atmospheric column helping maintain the precipitation over the Indian Ocean, particularly over the Bay of Bengal and South Asia.
It appears that the development of baroclinic waves along the westerly jet stream facilitates convection (Figs. 7a-e, Figs. 8a-e). To assess how significantly the upper atmosphere contributes to the evolution of precipitation during the ASM is yet to be done. The present study shows that the patterns of the upper-level circulation anomaly and its divergence are consistent with the precipitation pattern. Particularly, positive vorticity advection appears to be consistent with precipitation pattern over the midlatitude East Asian monsoon region.
Summary and Concluding Remark
The seasonal cycle of the ASM and the associated temporal and spatial evolution of synoptic fields have been investigated using cyclostationary EOF analysis over a 21-year (1979-99) Xie-Arkin precipitation data and NCEP reanalysis data. This study focused only on the prominent ASM period (May 21-August 28). The first mode describes the typical seasonal evolution of spatial patterns associated with the Indian monsoon from late May, Meiyu (China) in June, Baiu (Japan) from mid-June to mid-July, and Changma (Korea) from late June to late July. The complex nature of the seasonal evolution is obvious in the extracted modes of precipitation, sea level pressure, low-level (850 hPa) and upper-level (200 hPa) winds and moisture transport (see Fig. 9 ). The seasonal cycle typically explains about 20-40% of the total variability.
One of key features in the evolution of the ASM seasonal cycle is the sea level pressure change over the Asian continent and the resulting sea-land pressure contrast.
The development of the pressure anomaly pattern in the subtropical western Pacific also plays a crucial role in the evolution of the ASM system. The complex nature of low-level wind and the resulting moisture transport is mainly due to the differential timing and strength, and the location of these two pressure system (Fig. 9) . Specifically, the (Fig. 7) . The dark shade represents the positive vorticity advection and the light shade negative vorticity advection. 
